Abstract: Data from two surveys of the Tatra Mountain lakes (Slovakia and Poland) performed in the autumns of 1984 (53 lakes) and 1993 or 1994 (92 lakes) were used to estimate spatial variability in water chemistry in this lake district during the period of maximum European acid deposition. The ionic content of the lakes was generally low, with conductivity (at 20
Introduction
Chemistry of lakes in the Tatra Mountains (Mts) has been more or less intensively studied since the 1930s. The first records on concentrations of sulphate and nitrate in lake water come from 1937 (Stangenberg, 1938) . These "background" levels were already elevated by the 1960s (Bombówna, 1965) and continued increasing until the 1980s (Bombówna & Wojtan, 1996; Kopáček et al., 2004) due to elevated anthropogenic emissions and atmospheric deposition of sulphur and nitrogen compounds. Acidificationderived changes in lake hydrochemistry were followed by changes in zooplankton, with the most pronounced change observed in the second half of the 1970s (Stuchlík et al., 1985; Fott et al., 1992 Fott et al., , 1994 .
The elevated atmospheric deposition of S and N compounds also affected the nutrient status of the Tatra Mts surface waters: (i) lake water concentrations of phosphorus was related to the acidification status of lakes (Vyhnálek et al., 1994) , (ii) nitrification of ammonium was reduced in strongly acidified Tatra streams (Kopáček & Blažka, 1994) , and (iii) concentrations of nitrate increased in lakes situated in nitrogen-saturated catchment areas (Kopáček et al., 1995 (Kopáček et al., , 2000 .
Since the 1990s, chemistry of the Tatra lakes has been rapidly recovering from acidification due to a strong decline in acid deposition (Kopáček et al., 1998 (Kopáček et al., , 2004 (Kopáček et al., , 2006 . Consequently, water chemistry from the 1980s and the early 1990s (the data presented in this study) represents a valuable historical data-set, summarising the period of maximum acidification impact on the sensitive Tatra lake ecosystems. The aims of this study were (i) to assess water chemistry of the Tatra lakes during their maximum disturbance by acidification and (ii) to define the major factors causing spatial differences in ionic and nutrient composition of the lakes in this period. Temporal changes in lake water chemistry between surveys in 1984 and in 1993-1994 were evaluated as part of an overall trend by Kopáček et al. (2006) .
Material and methods

Description of study sites
The Tatra Mts are situated along the Slovak-Polish border between 20
• 10 E and 49
• 10 N. The lakes are situated in the western (the West Tatra Mts) and central (the High Tatra Mts) parts of the mountain area at elevations between 1089 and 2189 m above sea level (a.s.l.). About 70% of the lakes are in an alpine zone above ∼1800 m a.s. KOPÁČEK et al. (2006) . During the study period, the lakes were relatively undisturbed because grazing, logging, and any other kinds of land use have been prohibited since the early 1950s. Tourism did not significantly influence lake water chemistry because swimming and fishing were prohibited there, and tourist paths were not usually situated close to the lakes. Only one lake (Popradské pleso) received wastewater from a tourist cottage.
The dominant vegetation of lake catchment areas is dependent on altitude: (i) coniferous forests with relatively sparse deciduous trees below 1550 m a.s.l. (ii) dwarf pine between 1550 and ∼1800 m a.s.l., and (iii) alpine meadows and rocks (bare rocks and/or rocks covered with lichens) in the alpine zone above the upper tree line of 1800 m a.s.l. According to the type of catchment vegetation, we divided the Tatra lakes into 5 main groups: (1) forest lakes with more than 80% forested catchment areas; (2) lakes with forest-meadow catchment areas, having 30% to 70% dwarf pine bushes and/or meadows; (3) lakes with catchment areas comprising more than 70% meadows; (4) lakes with meadow-rocky catchment areas, having 30% to 70% meadows and/or rocks; and (5) lakes with rocky catchment areas more than 70% covered by rocks.
Lakes were mostly fishless, except for a few lakes in (i) the West Tatra Mts, populated with alpine bullhead (Cottus poecilopus Heckel, 1836), and (ii) in the High Tatra Mts, artificially stocked with brook trout [Salvelinus fontinalis (Mitchill, 1814)] or brown trout (Salmo trutta L., 1758). Records of zooplankton exist for almost all the Tatra lakes in this study. These records show a devastating influence of acidification on populations of planktonic and littoral Crustacea (STUCHLÍK et al., 1985; FOTT et al., 1994; HOŘICKÁ et al., 2006; SACHEROVÁ et al., 2006) .
Sampling and analyses
From the total of ∼261 permanent and seasonal lakes distributed along the West and the High Tatra Mts, 53 permanent lakes were sampled in September-October 1984 (Appendix 1) and 92 permanent lakes were sampled in the late September 1993 or 1994 (Appendix 2). While the first sampling was focussed on lakes in the Slovak part of the High Tatra Mts only, the later sampling included, in addition to the majority of previously studied sites, the lakes situated also in the West Tatra Mts and in the Polish part of the High Tatra Mts. In both samplings, the lakes were selected to represent all major lake categories defined according to their catchment characteristics and acidification status (see later). Evidence of zooplankton presence was used as another important site selection criterion, to exclude lakes with water residence times that were too short to allow zooplankton presence . The autumn sampling period was chosen because of more stable and representative lake water chemistry compared to the spring-summer data (KOPÁČEK et al., 1996) .
The total number of 92 lakes sampled in 1993-1994 represented ∼50% of all the lakes > 0.01 ha and included all large lakes in the region, as well as representatives of (i) both drainage and seepage lakes, (ii) all groups of lakes according to their types of catchment vegetation, and (iii) all stages of acidification (i.e., non-acidified, acidified, and strongly acidified lakes). Ten lakes were sampled in the West Tatra Mts, 59 lakes in the Slovak (mostly south-oriented) part of the High Tatra Mts, and 18 lakes in the Polish (mostly northoriented) part of the High Tatra Mts. When lakes of similar characteristics (chemistry and catchment vegetation) were clustered in one valley, only the uppermost and largest ones were sampled.
Samples were taken from the surface (10-20 cm depth) above the deepest point and/or alternatively from the outlet of the lake. Samples for chemical analyses were filtered through a 40 µm polyamide sieve to remove zooplankton and coarse particles and stored in darkness at 4
• C. Algae were usually not retained on the sieve except for colonial species (Dinobryon sp). Samples for chemical oxygen demand (COD), dissolved organic carbon (DOC), and absorbency (A254; at 254 nm, 1 cm path) were filtered with glass-fiber filters (pore size of 0.4 µm) within 2-10 hours after sampling. NH + 4 concentration was determined by the rubazoic acid method (KOPÁČEK & PROCHÁZKOVÁ, 1993) . Total organic nitrogen (TON) was determined by Kjeldahl combustion followed by a colorimetric determination of ammonia using Nessler's reagent (PROCHÁZKOVÁ, 1960) . In 1984, NO − 3 concentration was determined colorimetrically as nitrite after reduction on Cd-Cu column (STRICKLAND & PARSONS, 1968) . In 1993 and 1994, NO − 3 concentration was determined by two methods: (i) colorimetrically after reduction to nitrite using alkaline hydrazine (PROCHÁZKOVÁ, 1959) and (ii) by ion chromatography. Because both the methods gave comparable results, we hereafter provide data from the colorimetric determination as this method was also used in the previous study. Total phosphorus (TP) was determined by the molybdate method (MURPHY & RILEY, 1962) after perchloric acid digestion (KOPÁČEK & HEJ-ZLAR, 1993), but a 300% larger amount of sample was evaporated to obtain a detection limit of ∼0.5 µg L −1 of P. Chemical oxygen demand (COD) according to HEJZLAR & KOPÁČEK (1990) (dichromate semi-micro method) was used as an estimate of the concentration of organic matter, because the concentration of dissolved organic carbon (DOC; Liqui TOC analyzer, Foss-Hereaus, Germany) was determined only in ∼50% of the 1993-1994 samples. In the samples with no direct DOC measurements, the following relationship between DOC and COD values was used to derive DOC concentrations: (KOPÁČEK et al., 1995) . In 1984, Cl − concentration was analysed by argentometric Gran titration with Ag/S ISE according to MACKERETH et al. (1978) , and SO
2− 4
concentration was calculated by subtraction of the concentrations of both Cl − and NO − 3 from the sum of strong acid anions (MACKERETH et al., 1978 , Na + and K + were determined by ion chromatography with conductometric detection. Total reactive Al (TR-Al) was determined in nonfiltered samples according to DRISCOLL (1984) within 24 hours after sampling. TP, NH + 4 , pH, alkalinity (Gran titration; MACKERETH et al., 1978) , and chlorophyll-a were determined within 24 hours after sampling. Samples for NO 
Results and discussion
Peak of acidification -1984 status
In 1984, lake water chemistry of the Tatra lakes (Appendix 1) exhibited signs typical for a region affected by atmospheric acidification, with high variability in pH, concentrations of alkalinity and NO Of the total 53 lakes sampled, eight lakes had a depleted carbonate buffering system (alkalinity < 0), pH < 5.2, and Ca 2+ concentrations < 105 µeq L −1 . This group comprised the dystrophic Jamské pleso with a forested catchment (i.e., lake with a natural input of organic acidity from soils and highest input of acids deposition due to throughfall) and strongly acidified lakes situated in the alpine zone (Starolesnianske pleso, Vyšné Sesterské pleso, Vyšné Terianske pleso, Malé Batizovské pleso, Vyšné Kozie pleso, and Slavkovské pleso). The sensitivity of these lakes to acidification resulted mostly from very low weathering rates and soil base saturation in their catchments, and these lakes have been strongly acidified (with a depleted carbonate buffering system) since the 1950s (Kopáček et al., 2004) . Moreover, these lakes also have the lowest catchment-to-lake area ratios (Kopáček et al., 2004) and, consequently, the lowest input of alkalinity from terrestrial sources (e.g., Schindler, 1986) .
Thirteen lakes had alkalinity between 0 and 25 µeq L −1 , pH within 5.4-6.1, and Ca 2+ concentrations of 93-142 µeq L −1 . This group was predominantly made up of the highest altitude lakes of the mountain range. Thirty-two lakes had alkalinity > 25 µeq L −1 , pH > 6.2, and Ca 2+ concentrations between 134 and 358 µeq L −1 . This group was distributed along the whole altitudinal gradient. The above distinct groups of lakes exhibited significant differences in species composition and biomass of phytoplankton and zooplankton (Stuchlík et al., 1985; Fott et al., 1994; Hořická et al., 2006 , Sacherová et al., 2006 .
Ionic composition of lakes -the whole lake district study in 1993-1994 General patterns. The ionic content of the lakes was generally low. Their conductivity (at 20 Only ∼15% of the lakes had alkalinity >150 µeq L −1 , while ∼37% of the lakes had alkalinity < 20 µeq L −1 , the minimum threshold for healthy fish populations (Psenner & Catalan, 1994) , and 23% of the lakes had a depleted carbonate buffering system. Consequently, the majority of the Tatra lakes might be regarded as acidified and/or sensitive to acidification.
In our previous studies (Stuchlík et al., 1985; Fott et al., 1992; Kopáček & Stuchlík, 1994) , we defined 3 stages of acidification of the Tatra lakes according to their alkalinity and pH: (1) non-acidified lakes with alkalinity > 25 µeq L −1 , pH > 6, and low TR-Al concentrations (1-46; median value of 10 µg L −1 ); (2) acidified lakes with alkalinity between 0 and 25 µeq L −1 , pH between 5 and 6, and slightly elevated TR-Al concentrations (8-173; median value of 17 µg L −1 ); and (3) strongly acidified lakes with a depleted carbonate buffering system, pH < 5, and high TR-Al concentrations (33-409; median value of 180 µg L −1 ). A tight relationship between pH and alkalinity of the lakes is shown in Fig. 2 . The present stage of acidification reflects primarily the pre-acidification content of bicarbonate in lake water, since the atmospheric deposition of sulphur and nitrogen compounds may be assumed to be roughly constant over the Tatra Mts due to their relatively small area. A rough measure of the preacidification alkalinity is present content of calcium and magnesium in lake water (Henriksen, 1979) . Linear regression between Gran alkalinity and the sum of Ca
2+
and Mg 2+ concentrations [Σ(Ca 2+ + Mg 2+ )] for lakes from Appendix 2 showed a tight relationship between these variables (Fig. 2) (Fig. 2) .
Weathering of bedrock and atmospheric deposition are commonly the main factors influencing ionic composition of alpine lakes (e.g., Psenner & Catalan, 1994; Marchetto et al., 1995) . Bedrock composition played an important role in the acidification status of the Tatra lakes. Lakes situated in the West Tatra Mts had higher alkalinity and higher content of base cations than those situated in the High Tatra Mts (Fig 3) . The High Tatra Mts bedrock is predominantly granitic, while the West Tatra Mts bedrock also consists partly of metamorphic rock (e.g., gneiss, mica schist, amphibolite and dolomite) (Vološčuk et al., 1994) . Among the lakes in the West Tatra Mts, the highest concentrations of Ca 2+ and alkalinity were found in Veľké Bystré pleso (Appendix 2).
Lakes in the West Tatra Mts had higher concentrations of Mg 2+ (most likely due to a presence of mica schist in the bedrock) and lower Ca:Mg molar ratios (∼4) than alpine lakes in the central granitic part of the Tatra Mts, with an average Ca:Mg molar ratio of ∼11 (Fig. 4A) . Among the lakes in the central granitic part, the lowest Ca:Mg molar ratios were in lakes situated in forest (∼3 on average) due to the lowest Ca 2+ concentrations (57 µeq L −1 on average) and relatively high Mg 2+ concentrations (21 µeq L −1 on average). The Ca:Mg ratios increased with decreasing density of vegetation and amounts of soils, being highest in lakes with meadow-rocky and rocky catchment areas (Fig. 4B) . Ca 2+ concentrations were on average about threefold higher (150 µeq L −1 ) and Mg 2+ concentrations about twofold lower (12 µeq L −1 ) in these lakes compared to the forest lakes. Volume weighted mean concentration of Ca 2+ and Mg 2+ in precipitation at Chopok station (situated ∼40 km south of the Tatra Mts at elevation of 2000 m) were 33 and 6 µeq L −1 , respectively, in 1993 (data of the Slovak Hydrometeorological Institute, Bratislava). The differences between lake water vs. precipitation concentrations of Ca 2+ and Mg 2+ suggest that: (i) the major source of Ca 2+ for the alpine lakes was weathering of bedrock, while (ii) the major source of Mg 2+ in forest lakes was likely a leaching from soils due to a decay of vegetation residue. Exceptions from the general patterns. Among the lakes situated in the central granitic massif, the highest Ca 2+ concentrations were in lakes in Temnosmrečinská dolina valley and, surprisingly, in Malé Hincovo pleso. Malé Hincovo pleso is a small (2.2 ha) non-acidified lake situated in Mengusovská dolina valley together with 3 other lakes: Vyšné Satanie pliesko, a small (< 0.05 ha) strongly acidified lake; Veľké Žabie pleso, a middle (2.6 ha) non-acidified lake; and Veľké Hincovo pleso, a large (20 ha) non-acidified lake. Malé Hincovo pleso has about double the concentrations of Ca 2+ , alkalinity, and SO 2− 4 and an order of magnitude higher Mg 2+ concentration than other non-acidified lakes in the same valley and its ionic composition (e.g., molar Ca:Mg ratio of ∼3) is more similar to the lakes situated in the West Tatra Mts. The reason behind the different chemical composition of this lake is most likely a presence of metamorphic rocks in its catchment area. However, confirmation of this hypothesis awaits more detailed geological study. Influence of land cover (type of catchment) General patterns. The water chemistry of forest lakes significantly differed from the chemistry of lakes situated in the alpine zone (Appendix 2). Forest lakes were frequently coloured and had higher concentrations of TP (8-52 µg L −1 ), COD (4-33 mg L −1 ), and TON (179-825 µg L −1 ). Because primary production and bacterial numbers of the Tatra lakes is tightly (P < 0.001) correlated with TP concentrations (Kopáček et al., 1996 (Kopáček et al., , 2000 , the forest lakes were more productive, with higher concentrations of chlorophyll-a (Appendix 2; 11 µg L −1 on average) and higher bacterial numbers (Kopáček et al., 2000) than the other lakes. The 1993-1994 survey confirmed our previous observations (Stuchlík, unpublished data) , that the highest chlorophyll-a concentrations (> 30 µg L −1 ) were typical for Vyšné Rakytovské pleso and Čierne pleso at Vyšné Hágy with high concentrations of TP (∼50 µg L −1 ). A large portion of the high concentrations of DOC in these lakes probably originated from primary production. On the other hand, major sources of the DOC in coloured dystrophic lakes were soils in their catchment areas. For example, the concentration of chlorophyll-a in Trojrohé pleso was substantially lower (Appendix 2) than could be expected from a relationship between chlorophyll-a and COD concentrations calculated for lakes with COD concentrations > 0.5 mg L −1 : Log (chlorophyll-a, µg L −1 ) = (1 ± 0.2)*Log (COD, mg L −1 ) -0.6 (n = 68, r = 0.52, P < 0.001). The most coloured lakes in this survey were Trojrohé pleso, Maličké Čierne pliesko, Niżni Toporovy Staw, and Vyšné Rakytovské pleso, with A 254 of 0.197, 0.192, 0.155, and 0.108 , respectively. In contrast, A 254 of lakes with meadow-rocky and rocky catchment areas were two orders of magnitude lower (e.g., 0.003 in Veľké Hincovo pleso and Wielki Staw Polski).
Concentrations of TP, COD, and TON were low in lakes in the alpine zone and decreased from meadow to meadow-rocky to rocky catchment areas due to decreasing amounts of soils and vegetation (Kopáček et al., 1995 (Kopáček et al., , 2000 . An inverse trend was observed for NO − 3 concentrations, which were highest in rocky lakes and lowest in forest lakes, following progressive nitrogen saturation. N saturation occurs when the nitrogen supply exceeds the biological demand for nitrogen from catchment plants and soil microbes (Stoddard, 1994) . Low NO (Fig. 5) , as well as in the alpine streams (Kopáček & Blažka, 1994) , suggest that a large portion of the Tatra alpine zone is in an advanced stage of N saturation according to Stoddard (1994) .
The different responses of TON and NO − 3 concentrations to the soil amount and density of vegetation in the catchments resulted in different compositions of the total nitrogen pool in the lake water. TON was the dominant N form in forest lakes, while NO − 3 dominated the total nitrogen pool in the alpine lakes (Fig. 5) . The average NO − 3 concentrations in the alpine Tatra lakes increased more than twenty fold from levels in the late 1930s (∼1.5 µeq L −1 ; Stangenberg, 1938) and became higher than in other European mountain areas (e.g., Henriksen & Brakke, 1988; Catalan et al., 1993; Marchetto et al., 1995) . Concentrations of NH + 4 and NO − 2 in the Tatra lakes were low; frequently < 1.5 µeq L −1 and < 0.2 µeq L −1 , respectively. Exceptions from the general patterns. Popradské pleso is situated in forest but its tributary drains the large, rocky Zlomisková dolina valley. Consequently, its composition should be more similar to the alpine lakes. However, Popradské pleso is exposed to an input of wastewater from a tourist cottage and its TP concentration is usually higher than in other alpine lakes. This pattern is changed after snowmelt or heavy rains, when the lake water is diluted by large water input from the catchment area, which lowers in-lake TP concentrations. Consequently, spring TP concentrations in Popradské pleso are lower than the autumn ones, while the opposite situation (higher spring than autumn TP concentrations) is common in the other Tatra lakes (Kopáček et al., 1996) .
Čierne pleso, Malé Čierne pleso, and Maličké Čierne pliesko are small seepage lakes situated close together in Dolina Zeleného plesa valley. These lakes are surrounded by dwarf pine. However, the catchment areas of Malé Čierne pleso and Maličké Čierne pliesko are small and completely forested with dwarf-pine bushes. Čierne pleso, which is situated at the northern foot of the Veľká Svišťovka massif, also receives a substantial water input from the alpine zone. Consequently, the water composition of Čierne pleso is quite different from the other forest lakes, having lower concentrations of TP, DOC and TON, but higher Ca 2+ and NO − 3 concentrations, and two orders of magnitude higher alkalinity (Appendix 2). Its chemistry is therefore more typical for the alpine Tatra lakes, despite the presence of dwarf-pine bushes in the catchment.
An exceptionally high concentration of TP (159 µg L −1 ) was found in Tiché pleso (Appendix 2). This lake is situated in a meadow catchment area and is small (∼0.05 ha) and shallow (0.5 m). Its water is often muddy due to sediments stirred up by deer. Consequently, only a small portion of TP, TON, and DOC in the lake water is associated with algae (chlorophyll-a of 10.9 µg L −1 ) and their major source is particulate matter from sediment. A high concentration of TR-Al (173 µg L −1 ) in this lake compared to its pH (5.9) is also more likely to be associated with particulate matter from sediments than with water acidification.
Conclusions
The chemical composition of lakes in the Tatra Mts in 1984 and 1993-1994 period did not differ markedly from other European high-mountain areas like the Alps and Pyrenees (e.g., Catalan et al., 1993; Marchetto et al., 1995) , with the two following exceptions: (i) The Tatra Mountain lakes were more acidic (median alkalinity of 40 µeq L −1 ; median pH of 5.3; 23% of the lakes had a depleted carbonate buffering system), and (ii) alpine catchment areas were N saturated, with high NO 
